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The stem cell factor (SCF)/c-KIT axis plays an important role in
the hematopoietic differentiation of human pluripotent stem
cells (hPSCs), but its regulatory mechanisms involving mi-
croRNAs (miRs) are not fully elucidated. Here, we demon-
strated that supplementation with SCF increases the hemato-
poietic differentiation of hPSCs via the interaction with its
receptor tyrosine kinase c-KIT, which is modulated by miR-
221 and miR-222. c-KIT is comparably expressed in undiffer-
entiated human embryonic and induced pluripotent stem
cells. The inhibition of SCF signaling via treatment with a c-KIT
antagonist (imatinib) during hPSC-derived hematopoiesis
resulted in reductions in the yield and multi-lineage potential
of hematopoietic progenitors. We found that the transcript
levels of miR-221 and miR-222 targeting ¢-KIT were signifi-
cantly lower in the pluripotent state than they were in termi-
nally differentiated somatic cells. Furthermore, suppression of
miR-221 and miR-222 in undifferentiated hPSC cultures in-
duced more hematopoiesis by increasing c-KIT expression.
Collectively, our data implied that the modulation of ¢-KIT by
miRs may provide further potential strategies to expedite the
generation of functional blood cells for therapeutic ap-
proaches and the study of the cellular machinery related to
hematologic malignant diseases such as leukemia.
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INTRODUCTION

Human pluripotent stem cells (hPSCs) offer an attractive
alternative to adult hematopoietic stem and progenitor cells
due to their unlimited potential to self-renew and their plu-
ripotency (Takahashi et al., 2007; Thomson et al., 1998). It is
critical to utilize the hematopoietic growth factors (hGFs)
that are involved in early embryonic hematopoietic devel-
opment with a precise understanding of their stage-specific
functions. Among the most commonly used hGFs, stem cell
factor (SCF) is known as an early inducer that plays an im-
portant role in the regulation of embryonic and adult hema-
topoiesis (Carow et al., 1991; Pick et al., 2007). SCF interacts
with other essential cytokines, such as bone morphogenetic
protein 4 (BMP4) and vascular endothelial growth factor
(VEGF), during the emergence of bipotent hemogenic pre-
cursors from hPSCs by binding to its receptor tyrosine kinase
c-KIT (Ding et al., 2012; Perry et al., 2007). SCF/c-KIT signal-
ing has a conserved role in both hPSC and mouse PSC-
derived hematopoiesis. Mouse embryonic stem cells (mESCs)
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with c-KIT deficiencies are not able to self-renew without
supplementation with leukemia inhibitory factor, and they
exhibit defects in the survival of the differentiated cells due
to a reduction in anti-apoptotic protein (Bashamboo et al.,
2006; Guo et al., 2006; Kimura et al., 2011). These studies
indicate that the SCF/c-KIT signaling pathway is implicated in
the functionality of hPSCs in terms of maintaining their state
or differentiating into hematopoietic lineage cells. We previ-
ously found that c-KIT is comparably expressed in undiffer-
entiated human embryonic stem cells (hESCs) and that the
c-KIT" fraction within hESCs is biased toward the hemato-

poietic lineage compared with c-KIT cells (Hong et al., 2011).

In undifferentiated mESC cultures, the ckit" population has
a greater ability to self-renew, can differentiate into embry-
oid bodies and express higher levels of Bmp4 and Nanog
than can either the unfractionated or c-kit populations (Lu
et al., 2007; Marshall et al., 2007). These findings suggest
that the ESC population expressing c-KIT has greater abilities
for hematopoietic differentiation and self-renewal. Although
c-KIT can be a useful indicator that is capable of predicting
hematopoietic potenti al., its regulatory mechanisms related
to microRNAs (miRs) during the hematopoietic development
of hPSCs remain to be investigated.

Most miRs are small non-coding RNA molecules that con-
tain small nucleotides and function in the regulation of gene
expression via pleiotropic effects during biogenesis (Ambros,
2004; Bartel, 2004). Among the many miRs, miR-221 and
miR-222 are two highly homologous miRs that are well
known to be involved in angiogenic events and hematologic
malignancies (Moses et al., 2016; Poliseno et al., 2006; Ra-
mon et al., 2012; Rommer et al., 2013). Almost all blood
lineage cells differentiate from the hemogenic endothelium,
which possesses bipotent precursor cells that can generate
endothelial cells and blood lineage cells (Gits et al.,, 2013;
Lancrin et al., 2009; Lis et al., 2017). Based on this concept,
we postulated that miR-221 and miR-222 may function as
regulators that target c-KIT to initiate the differentiation of
hematopoietic lineage cells.

In this study, we demonstrated that supplementation with
SCF increases hematopoietic differentiation from hPSCs via
an interaction with c-KIT and that this interaction is modu-
lated by miR-221 and miR-222. The inhibition of SCF signal-
ing with the kinase inhibitor imatinib (Im) during hPSC-
derived hematopoiesis resulted in a reduction of both the
yield and multi-lineage potential of hematopoietic progeni-
tors. Furthermore, the suppression of miR-221 and miR-222
in undifferentiated hPSC cultures induced increased hema-
topoiesis by increasing c-KIT expression. Our study reinforces
the pivotal role of the SCF-c-KIT signaling pathway and is the
first to demonstrate the roles of miR-221 and miR-222 that
are relevant to the SCF/c-KIT axis during hPSC-derived hema-
topoiesis, which could expedite the generation of functional
blood products for therapeutic use.

MATERIALS AND METHODS
Maintenance of hESCs and hiPSCs

Human PSCs (CHA15-ESC and iPS-NT4-S1) were kindly pro-
vided by CHA University, South Korea. The cells were main-
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tained in mTeSR1® serum-free medium (Stem Cell Technolo-
gies, Canada) on Matrigel (BD Bioscience, USA)-coated
dishes. They were subcultured at 80% confluence and pas-
saged every 5 days by mechanical dissociation. Human PSC
cultures were carried out at 37C incubator.

Hematopoietic differentiation

Hematopoietic differentiation was performed as previously
described (Hong et al., 2011). Briefly, undifferentiated hPSC
colonies were prepared with low density (approximately 5-7
colonies in a 35 mm culture dish). Cells were grown to 1
mm size, media were changed to Stemline Il serum-free
medium (Sigma) supplemented with Insulin-Transferrin-
Selenium and BMP4 (20 ng/ml) for 4 days, followed by
treatment with SCF (50 ng/ml) and VEGF (40 ng/ml) for 2
days. On day 6, the cultures were given fresh hematopoietic
induction medium supplemented with hGFs cocktail (50
ng/ml SCF, 10 ng/ml Thrombopoietin, 50 ng/ml Interleukin-
3, 50 ng/ml FMS-like tyrosine kinase 3 ligand and 50 ng/ml
Granulocyte colony-stimulating factor, R&D Systems) with
and without 10 uM Im and cultured for 11 days. The hema-
topoietic differentiation was assessed by the frequencies of
CD34"CD45" and CD34 CD45" populations on day 17.

Colony-Forming units assay

Colony-Forming Unit (CFU) assay was performed as previ-
ously described (Kim et al., 2010). Briefly, 10,000 hemato-
poietic progenitor cells were plated into methylcellulose
H4434 (Stem Cell Technologies) and incubated for 7-10 days
at 37C in 5% CO..

Flow cytometric analysis

Single cell suspensions were harvested from undifferentiated
and differentiated hPSCs and v-hESCs. The undifferentiated
cells were dissociated with cell dissociation medium (CDM,
Invitrogen) for 20 min at 37¢C. After collagenase IV treat-
ment, the cells were filtered through a 70 um cell strainer
and incubated for 30 min at 4C with following anti-human
antibodies: c-KIT (BD Biosciences), CD31 (BD Biosciences),
CD34 (Miltenyi) andCD45 (BD Biosciences). Dead cells were
excluded by 7-aminoactinomycin Dstaining. FACS was per-
formed using FACSCanto Il flow cytometer (BD Biosciences)
and data was analyzed by FlowJo software.

Immunofluorescence staining

Undifferentiated hPSCs were fixed with 4% paraformalde-
hyde (Alfa Aesar) for 20 min at room temperature. The
hPSCs were subjected to immunostaining using rabbit anti-
c-KIT (1:200, BD Pharmingen) and Alexa 488 (Invitrogen)
donkey anti-rabbit IgG (H+L) after blocking step (10% don-
key serum). Nuclei were counterstained with DAPI (Sigma)
for 5 min, and images were captured with a fluorescence
microscope (IX-51, Olympus, Japan) and confocal micro-
scope (Carl Zeiss LSM 880, Germany).

mMiRNA expression

Expression levels of miRs were analyzed as previously de-
scribed (Kim et al., 2017). Briefly, RNA was isolated from the
serum using the miRNeasy Kit (Qiagen, Germany) and re-



verse transcription was performed using the miScript Il RT Kit
(Qiagen) according to the manufacturer’s instructions. Sub-
sequently, cDNAs were amplified from has-miR-221 and
has-miR-222 using the custom miScriptmiRNAPCR Array
(CMIHS02261C; Qiagen). The data were analyzed using PCR
array data analysis tools (Qiagen).

In vitro transfection experiments of miR-221 and -222
inhibitors

Unless otherwise indicated, all materials for miRNA study
were purchased from Qiagen. For a transient transfection
approach with the aim to inhibit the miR-221 and -222
function, cells were transfected with anti-miRs oligos using
the fast forward transfection protocol as suggested by the
HiPerFect Transfection Reagent protocol according to the
manufacturer’s instructions. A specific miR-221 and -222
inhibitors were commercially purchased. For the reference to
normalize the findings, we used the miScript inhibitor nega-
tive Control under the same concentrations and conditions
as used for the inhibitor (100 nM). Transfected hPSCs were
incubated under their normal conditions and the effect of
miR-221 and -222 manipulations on changes in gene ex-
pression levels were measured by quantitative RT-PCR after
24 h as described above.

Statistical analysis

All results are presented as mean + S.D. Data was generated
from at least three independent experiments. Statistical sig-
nificance was determined using the Student’s #test with p <
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0.05 as the cutoff.
RESULTS

SCF augments hematopoietic differentiation from hPSCs
via interaction with c-KIT

We first investigated the expression of c-KIT in undifferenti-
ated hPSCs, including hESCs and hiPSCs, using flow cytome-
try. As shown in Fig. 1A, the c-KIT protein was present in
24.8% of hESCs and 28.8% of hiPSCs, whereas somatic
human dermal fibroblasts (hdFs) exhibited no expression of
c-KIT (Fig. TA). The confocal images also clearly showed the
presence of c-KIT" cells in both hPSCs (Fig. 1B), suggesting
their putative relevance with the ligand, SCF, when SCF is
supplemented in culture conditions. To determine the impli-
cations of ¢c-KIT expression during hPSC hematopoietic dif-
ferentiation, we employed a stepwise induction strategy that
was divided into two phases. First, the specification phase is
characterized by the emergence of bipotent hemogenic
precursors. Second, the commitment phase is characterized
as the period in which committed hematopoietic progenitors
(CD347CD45% and mature blood (CD34'CD45") cells are
detected (Fig. 2A). During embryonic development, hema-
topoietic cells have been found to arise from aortic hemo-
genic precursors that can maintain the properties of hema-
topoietic and endothelial lineage cells. Based on this devel-
opmental concept, the specification of hemogenic precur-
sors is required to generate hematopoietic cells. Thus, we
successfully induced hematopoietic progenitors and mature

Fig. 1. c-KIT is expressed in undifferentiated hPSCs. (A) Flow
cytometry analysis for c-KIT in undifferentiated hESCs and
hiPSCs. (B) Immunocytochemistry staining for c-KIT (green)
in feeder-free hPSC cultures. Nuclei were counterstained
with DAPI (blue). Scale bar 100 um. hdF, human dermal
fibroblast; hESC, human embryonic stem cell; hiPSC, hu-
man induced pluripotent stem cell. DAPI (blue) was used
for nuclear staining and c-KIT" cells presented green colors.
Magnification X40.
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Fig. 2. SCF augments the hematopoietic differentiation of hPSCs via an interaction with c-KIT. (A) A schematic diagram of the stepwise
hematopoietic differentiation of hPSCs showing the hemogenic specification phase and the hematopoietic commitment phase. (B)
Effects of SCF on the production efficiencies of hematopoietic progenitors (CD34°CD45") and mature hematopoietic cells (CD34"
CD45") at day 17 of differentiation. The relative frequency is set to 1 (dotted line) for cells cultured in hematopoietic differentiation me-
dium alone. (C) Effects of c-KIT inhibitor on hematopoietic differentiation. On day 6, the cells were cultured in the absence and presence
of 10 uM Im for 11 days. The relative frequency is set to 1 (dotted line) for cells cultured in hGFs without SCF. (D and E) Differentiation
capacities of hematopoietic progenitors differentiated under various treatments for 17 days. Percentages of the total number of CFUs
(D) and each CFU subunit (E). (F) Pie diagrams showing the distribution of CFU types. Im, Imatinib; CFU-E, erythroid; CFU-M, megakar-
yocyte; and CFU-G, granulocytes. All results are presented as the means £ S.D. *p < 0.05, **p < 0.01.

blood cells from hemogenic precursors over 17 days via the
application of the proper induction conditions. Flow cy-
tometric analysis showed that the proportion of the
CD34°CD45" populations was synergistically increased with
statistical significance when hPSCs were treated with hGFs
and SCF compared to SCF alone and hGFs alone treatments
(Fig. 2B). Additionally, the proportions of both populations
were significantly decreased by c-KIT antagonist (Im) treat-
ment (Fig. 2C), which suggests the pivotal roles of ¢-KIT in
hematopoietic lineage differentiation. The SCF/c-KIT axis is
known as an important factor for survival and differentiation
into blood lineage cells. Consistent with previous papers
(Bashamboo et al., 2006; Rojas-Sutterlin et al., 2014), our
data also addressed the effects of c-KIT in the differentiation
of PSCs into hematopoietic lineage cells. We further investi-
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gated whether SCF/c-KIT signaling influences the ability of
hematopoietic progenitors to produce mature myeloid line-
age cells, including erythrocytes (CFU-E), granulocytes (CFU-
G), megakaryocytes (CFU-M) and granulocytes-megakaryocytes
(CFU-GM). CFU assays showed that Im treatment signifi-
cantly decreased the number of each CFU subtype as well as
the total number of CFUs (Figs. 2D and 2E). Among the CFU
subtypes, CFU-E production was unarguably blocked by
treatment with Im. In addition, a decreased proportion of
CFU-E colonies was also observed when the function of ¢
KIT was inhibited (68.8 + 2.8% vs 50.7 * 2.8%), suggesting
the positive regulatory mechanism of c-KIT to erythrocyte
differentiation. In contrast, treatment of Im increased the
number of CFU-M, while decreasing its proportion (9.1 +
1.9% vs 22.5 £ 1.7%) (Fig. 2F). These results suggest critical



roles of the SCF/c-KIT signaling pathway at the point of cell
fate commitment to the hematopoietic lineage as well as at
the level of hematopoietic lineage development.

SCF/c-KIT signaling increases the hematopoietic
differentiation of hPSCs in a BMP4-dependent manner
BMP4 is a multifunctional protein that regulates a broad
spectrum of functions during embryonic differentiation and
is known to promote the hematopoietic differentiation of
hPSCs. To examine the interaction between SCF and BMP4
during the hematopoietic differentiation of hPSCs, hPSCs
were cultured under hematopoietic induction conditions in
the presence and absence of BMP4. A hemogenic endothe-
lium-like structure was observed in the hPSCs at approxi-
mately 6-8 days of differentiation in the presence of BMP-4.
The morphological changes of hPSCs are restricted to BMP4
treatment, regardless of whether SCF is added (Fig. 3A).
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Fig. 3. Effects of SCF on hPSC-derived hematopoiesis in the pres-
ence and absence of BMP4. (A) A schematic diagram for deter-
mining the temporal effects of BMP4 on hematopoietic differen-
tiation. (B) Representative image of hematopoietic cells derived
from hPSCs. The scale bar is 100 um. (C) Effects of SCF (50
ng/ml) and BMP4 (20 ng/ml) on the generation of hematopoiet-
ic progenitors (CD34"CD45%) and mature hematopoietic cells
(CD34°CD45") at day 17 of differentiation. hPSCs were cultured
in hematopoietic differentiation medium supplemented with
different combinations of SCF and BMP4. All results are present-
ed as the means = 5.D. °0< 0.05,°0 < 0.01.
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Flow cytometric analysis clearly demonstrated that the fre-
quencies of CD34"CD45" and CD34'CD45 cells were signifi-
cantly increased in the BMP4-treated groups in the presence
and absence of SCF compared with the SCF-only treated
group (Fig. 3B). The BMP4 and SCF co-treated cells displayed
the highest frequencies of both CD34°CD45" and CD34
CD45" cells. These data indicate that SCF/c-KIT signaling
increases the hematopoietic differentiation of hPSCs in a
BMP4-dependent manner.

Suppression of miR-221 and miR-222 increases the
hematopoietic differentiation of hPSCs

Because miR-221 and miR-222 are known to regulate angi-
ogenic activity and erythropoiesis via the down-modulation
of ¢-KIT (Felli et al., 2005), we postulated that the hemato-
poietic differentiation of hPSCs might be augmented by the
down-modulations of miR-221 and miR-222. To address the
effects of miR-221 and miR-222 on the hematopoietic dif-
ferentiation of hPSCs, we repressed their expression with
anti-miR oligos. Based on their transcript levels, the expres-
sion levels of both miR-221 and miR-222 were significantly
decreased in the hPSCs compared to that of hdF (Fig. 4A).
The transfection of miR-221 and miR-222 specific inhibitors
successfully upregulated the expression level of c-KIT in the
undifferentiated hPSCs (Fig. 4B), suggesting that miR-221
and miR-222 target the c-KIT receptor in hPSCs. Further-
more, the suppression of miR-221 and miR-222 significantly
increased the frequencies of CD34"CD45" and CD34 CD45*
cells (Figs. 4C and 4D). Dual treatment with the miR-221
and miR-222 specific inhibitors elicited greater inductions of
CD34°CD45" and CD34°CD45" cells; the frequencies of the-
se cells were nearly doubled compared with those of the
control group. Increased c-KIT, which is relevant to hemato-
poietic lineage cells, is modulated by miR-221 and miR-222
inhibitors, which lead to the effective differentiation of
hPSCs into hematopoietic lineage cells.

DISCUSSION

In our previous work, the dissection of hESC cultures based
on the expression of c-KIT revealed a greater hematopoietic
differentiation potential of the c-KIT" population compared
with the ¢-KIT population as well as differential clonogenic
capacities of the c-KIT" and ¢-KIT" populations (Hong et al,
2011).The predisposition of the c-KIT" subset to differentia-
tion toward a hematopoietic cell fate is encoded by modifi-
cations of the activation (H3K4me3) and repression
(H3K27me3) of histone methylations at mesodermal line-
age-associated genes, such as Brachyury and MIXL1. c-KIT"
cells were detected at approximately 30% in the undifferen-
tiated hESC cultures. Interestingly, the c-KIT gene is activated
during human somatic cell reprogramming to induce plurip-
otency. Our results suggest the possibility of improving hem-
atopoietic differentiation by upregulating c-KIT expression in
undifferentiated hPSCs. Numerous studies have also report-
ed that c-KIT could be a tempting target for cancer treat-
ment due to the presence of gain-of-function mutations and
the overexpression of ¢-KIT in various cancer types (Gao et
al., 2015; Han et al,, 2011; Ohwada et al., 2006). These
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p < 0.05 (vs. control group).

findings suggest that the balanced expression of c-KIT in
undifferentiated hPSCs might be important for sustaining
the hematopoietic differentiation potential.

Functional studies have demonstrated that miR-221 and
miR-222 are involved in regulating cell proliferation and
differentiation by targeting c-KIT. Transfection with miR-221
and miR-222 oligonucleotides causes impaired proliferation
and erythropoiesis in CD34" hematopoietic progenitors de-
rived from cord blood via the down-modulation of c-KIT
(Spinello et al., 2009). The transfection of miR-221 and miR-
222 into human umbilical vein endothelial cells modulates
the angiogenic activity of SCF by reducing c-KIT expression
(Poliseno et al., 2006). The inhibition of both miR-221 and
miR-222 with synthetic inhibitors in primary cultures of
THY 1" mouse spermatogonia impairs the maintenance of an
undifferentiated state by increasing the proportion of the c-
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KIT" population (Yang et al., 2013). These findings indicate
that miR-221 and miR-222 regulate the self-renewal and
differentiation of stem cells by modulating c-KIT expression.
Our study is the first to show the function of miR-221 and
miR-222 and their effect on c-KIT expression during hPSC-
derived hematopoietic differentiation. Our data also showed
that the dual inhibition of miR-221 and miR-222 seems to
more efficiently induce c-KIT expression and augment hema-
topoietic differentiation. Corresponding to the activation of
the c-KIT gene in the pluripotent state, the expression levels
of miR-221 and miR-222 were significantly decreased in the
pluripotent state compared with those in somatic fibroblasts,
suggesting that the direct interaction between miR-221/222
and c-KIT is likely to be part of the molecular machinery that
determines the ability to differentiate toward the hemato-
poietic lineage. However, we cannot rule out the possibility



that transient inhibition of miR-221/222 can target to c-KIT
as well as other targets, because mammal miRs can down-
regulate a greater number of transcripts (Lim et al., 2005).

BMP4 is also known as inducer hematopoietic cells as well
as mesodermal lineage cells from hPSCs (Bhatia et al., 1999;
Chadwick et al.,, 2003; Hong et al, 2011; Zhang et al.,
2008). Especially, differentiation into hematopoietic linage
cells in aorta-gonad-mesonephros (AGM) region is strongly
involved and it can modulate c-KIT expression /n vitro condi-
tion. To examine the effects of SCF and BMP4 in HPCs and
HCs differentiation from hPSCs, hPSCs were cultured in vari-
ous combined medium after BMP4 exposure. As expected,
we observed that morphology of hPSCs can readily differen-
tiate into specialized cells with hemogenic endothelium like
structure and confirmed strong effect of BMP4 to differenti-
ate into hematopoietic cells, regardless of additive SCF.

Taking our results together, we showed that SCF/c-KIT
signaling enhances the hematopoietic differentiation of
hPSCs in the presence of BMP4, and this molecular and cel-
lular shift toward the differentiation of hematopoietic line-
age cells is the result of the enhancement of c-KIT due to the
inhibition of miR-221 and miR-222. Our data also suggest
that the frequency of c-KIT™ cells in undifferentiated hPSC
cultures can be a useful indicator of hematopoietic potential.
Furthermore, the identification of upstream molecules that
regulate the expression of c-KIT could help improve the qual-
ity and quantity of hematopoietic progenitors derived from
hPSCs.
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